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ABSTRACT 

A general computer program for the calculation of the chem- 
ical equilibrium composition of a gaseous system was written for 
the IBM 7090/94.  The program is based on the minimization of 
the Gtbbs free energy of the system; the resulting non-linear 
equations are solved by a modified Newton-Raphson iteration 
scheme.  The three options presently available for the two 
intensive variables necessary for the calculation of the equi- 
librium composition are pressure-temperature, pressure-enthalpy 
and pressure-entropy, although other options for any two inten- 
sive variables may be readily added. 

A "program generator  that produces the source program 
cards in FORTRAN IV of the equilibrium piG..;j.c::u for a specific 
chemistry system was also written.  in the process of gener- 
ating the source program, the generator extracts from a library 
magnetic tape the necessary curve fits for the species enthalpy 
and entropy as functions of temperature for the specified 
chemistry system.  This resulting source program may be utilized 
as a subroutine to serve the needs of each particular application, 
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NOMENCLATURE 

a, ,       the number of atoms of element j J.n one molecule 
of species i 

A the left-hand side of the element conservation 
matrix [Eq. (6)1 consisting of the matrix 
elements a.. 

ID 

Ai partitioned A matrix consisting of NP rows and 
NP columns 

As        partitioned A matrix consisting of (NSP-NP) rows 
NP columns 

b. element conservation constants from Eq. (5) 

k 

i 

^ 

T " Si 
+  In  P  [Eq. (9)] 

DF        the Jacobian (öF./ö-t Xj defined bv Eq. (31) 
3      n ^ 

F.        residual vector defined by Eq. (30) 

Gibbs free energy, cal 

rh fl rh-i    i 
J™ — -s.\+lnP + lnX.\-  [see Eq, (16)] 

G the row vector consisting of the g  [see F.q, (18)] 

Gi        the partitioned row vector G consisting of NP 
vector elements 

üg        the partitioned row vector G consisting of (NSP-NF'} 
vector elements 

H mixture enthalpy, ft2/sec 

H        mixture enthalpy, cal 

h.        species enthalpy, cal/mole 
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h.        species enthalpy, ft3/secs 

NP        number of elements (including charge, if applicable) 
of the chemistry system considered. 

NSP       total number of species in the system 

P        pressure, atmospheres 

i 

Greek 

R universal gas constant 1.98726 cal/mole K or 
89506 fta/secs-öK lb/lb mole 

S mixture entropy lb mole/lb 

S mixture entropy, cal/^K 

1;        mixture entropy, fts/seca 0K 

s.        species entropy at standard state (p = 1 atm), 
cal/mole K 

¥.        species entropy at standard state (p = 1 atm), 
1 ,-. 2 /    2  0,, 

ftVsec  K 

o. 
T tempeiötare,  K 

X.        mole fraction of species i 

Y,        number of moles of species i 
NSP 

the total moles in the system 

NSP 
G 
RT   L 

j = l 

NIP 

\     Y.a.. - b. 
^  i ID    D 

Li=l 

Tf. [see Eq. (8) ] 

ff.        Lagrange multipliers [see Eq. (8)] 

/?..       matrix elements resulting from the matrix multi- 
plication AJJAJ/ [see Eq. (26)] 



VI 

the column vector consisting of the modified 
Newton-Raphson correction terms [Eqs. (39)] 

6..       Kronecker delta 
13 
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TECHNICAT: REPORT NO. 643 

ANALYSIS AND DESCRIPTION OF AN IBM 7090/94 PROGRAM 

TO COMPUTE EQUILIBRIUM CONDITIONS FOR 

GASEOUS CHEMISTRY SYSTEMS 

By Herbert H. Hopf 

I.  INTRODUCTION 

The problem of computing the equilibrium composition of a 

gas has been the subject of many papers. An extensive search 

of the literature has revealed that two approaches have been 

used: 

1. Utilization of equilibrium constants associated 

with the pertinent chemical reactions. 

2. Minimization of the Gibbs Free Energy of the system. 

The equilibrium constant approach is the most common for 

small systems, where the system of equations is comprised of 

the element conservation equations and the laws of mass action. 

Where onlv a few species are involved, a set of reactions can 

be easily formulated, for which curve fits of the corresponding 

equilibrium constants as functions of temperature can be 

obtained.  In recent years computer programs were written to 



formulate the reactions for large chenp.stry systems.  Curve 

fits of the species Gibbs Free Energy as a function of temper- 

ature are obtained, and the equjlibrium constant is computed 

from the change in the Gibbs Free Energy across each reaction 

at a reference state. 

For the second approach, the Gibbs Free Energy of the 

entire system is minimized subject to the constraint of charge and 

element conservetion.  A variety of techniques have been devel- 

oped to solve the resultant system of non-linear equations; the 

numerical technique described in this report is a modified 

Newton Raphson iterati m scheme. 

The objectives of the effort described herein are two- 

iold: 

1. Create an equilibrium program which may be used as 

a subroutine to generate the chemical equilibrium 

composition and desired thermodynamic properties 

for any specified gaseous chemistry system. 

2. Write a "program generator" which automatically pro- 

duces the £ jurce cards for this equilibrium pro- 

gram according to the chosen species, which are input 

for the program generator.  This program generator 
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extracts the necessary thermodynamic data from a 

library magnetic tape. 

Thus, a programming system has been created which provides 

the user with an analytical tool which may be easily linked to 

computer programs designed to solve a wide variety of fluid 

dynamics problems.  The equilibrium program generator has pro- 

duced equilibrium programs which have been successfully used 

for a variety of applications. 

A typical application of such a '^nerated program was for 

the computacion of the equilibrium compositicr of an Air-Teflon 

mixture through a boundary layer adjacont to an ablating sur- 

fe re.  A detailed description of a sample application is shown 

in Section VIII. 
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II.  ANALYSIS 

The Gibbs free energy of a mixture is defined as 

G = H - TS (1) 

where H is the irüvxure enthalpy in calories 

S is the mixture entropy :..\  calories/3 K 

T is the temperature in K . 

The enthalpy of a mixture of thermally perfect gas can 

be computed from the species enthalpy for a given temperature 

using the following equation 

H = IJ Y.h. (T) (?) 
ill 

where Y^ is the number of moles of specie i, hj^T) Is the 

enthalpy of specie i in calories per mole. 

The entropy of a mixture of thermally perfect gases can 

be computed from the species entropy at a given temperature 

and pressure using the following equation 

S - S  = C Y.[s. (T) - R ^n X. - R -tn Pi      (3) 
o      11 i 

where P is the mixture pressure in atmospheres 

R is the universal gas constant in cal./mole K 



s.(T) is the entropy of specie i, cal./mole K 

X. is the mole fraction of species i 
i 

S is the reference entropy taken as zero at 

T=08K/ p=l atm. 

The second term on the right-hand side of Eq. (3) is the 

contribution to the entropy due to the diffusion of the 

species. 

The third term is the contribution to the entropy for an 

isothermal process where the pressure is chanced from one 

atmosphere to a pressure P. 

Substituting Eqs. (2) and (3) into Eq. (1), 

■ NSP       h 
■£- = V Y, (^ M- - s. 1 + -tn X. + tn P!     (4) 
RT    '_,   1 lR L T    l J       i       J 

i^l 

where NSP is the total number of species in the system. 

The determination of the equilibrium composition is 

equivalent to finding the set of X.'s which minimizes (4), 

subject to the constraint of the element conservation equations 

NSP 

V Y.a.. = b.      j=l#2,...NP (5) 
/_,  i 13   i      J 

i=l 



where a.. is tne number of atoms of element j in one molecule 
ID 

of specie i, b. is the total number of atoms of element j, and 
3 

NP is the number of elements in the system. 

Written in matrix form Eq. (5) becomes 

[Yt ,Ya ,.. 'YNSpl an 

aai 

ai a 

a3S 

aNSP#-j  aNSP,s  * * 

al,NP 

a
a/NP 

'NSP^P 

= (^ba o „ .b^p) 

(6) 

One additional equation which must be satisfied by the 

X.'s is that 
i 

NSP 

X. = 1 
l 

(7) 
i=l 

Eqr, (4) is minimized subject to the constraint given by 

Eq. (5) using Lagrange multipliers.  Let 

NP 

RT    L   1 
j = l 

NSP 

V Y.a.  - b 
Z-,  i n 

Li=l 

IT (8) 



where 7T. are the Lagrange multipliers. 

Let 

1 
Ci =  R T-  Si + -tn P (9) 

Then from Eq. (4) and (9) 

and 

NSP 

RT    L Y. 
i 

dG/RT _ 
5Y, 

C, + tn k 

i=l 

/Y, 

lY 

C. +  In 
i 

NSP 

+ >: Y 

i=l 
i ÖY, 

(10) 

s + 
Y

- \ 
tn  -=■ (11) 

k=l,2,3/...,NSP 

NSP 

where Y = )     Y. . 

i=l 

Consider the second term on the right-hand side of iSq. (11)and 

expand it as follows [dropping C., since C^ = G. (P/T) is inde- 

pendent of \']' 

+ Y, a    I,   HLI + 
"NSP Y, 

,   NSP 

(12) 
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I-iote  that: 

'l  ÖY, 
tn "=' 

Y  -  Y, 
for t = k 

(13) 

Y 
for I ^ ^ 

From which it can be  seen  that 

SiYii7 C,   + 'tn h=r =  0 (14) 

If Eq. (14) is substituted into Eq. (ll)and this renult 

is substituted into the expression for the partial deriva- 

tive of * [as defined by Eq. (8)] with respect to Y., then 

a*. 
dY. 

= C. + -tnX . 

NP 

j=l 

a. . TT . (15) 

It can be shown that the solution — = 0 represents the 
dYi 

minimum of the Gibbs free energy, which corresponds to the 

unique solution where the system is in chemical equilibrium 

(see Ref. l). 

There are NP element conservation equations given by (5) 

ana NSP equations obtained through the minimisation process 



given by (15).  The unknowns in this system of equations are 

NSP species mole fractions and NP Lagrange multipliers. 

The system of (NSP + NP) equations with the same number 

of unknowns will be reduced to a system of NSP equations with 

NSP unknowns. 

Let 

gi = 
C. - In X.   = 
i       i -{RI/F- 

si]+ ln  p + ^Xi} 
do) 

then Eq. (15) can be written as 

NP 

j=l 

a. .TT . 
ID D 

i=l,2,...,NSP (17) 

for the condition of the minimum Gibbs free energy (i.e. 

0$ 
ÖY. 

=  0   . 

If Eq.    (17)   is written  in matrix  form  the  result   is 

an 

asi 

al 3 

Sga 

aNSP,J,        aNSP,3 

i,NP ffl 91 

a,NP «3 93      | 

. ^3 ga     1 

* • *                       1 

NSP,NP 

• 

TT 
NP 

•                       1 

gNSP 

(18) 
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or 

A 11 = G (19) 

The set of equations represented by Eq. (18) can be written 

as one set of NP equations and another set of (NSP-NP) equa- 

tions.  If Eq. (19) is partioned accordingly, the result is 

NP " 

NSP-NP 

or 

Ax 

A3 

Cni = 

Ai n = Gj, 

Gi 

4 NP 

NSP-NP 

(20) 

(21) 

and 

Aan - Ga (22) 

-i 
Solving Eq. (21) for ü = Aj, Gj and substituting into Eq. (22), 

one obtains: 

AjAi Gi = Ga (23) 

If the expression for g. given by (16) is substituted 

into (23) the result is 

NP 
In X    = 

n   L     I n-NP,^  3      3 J    n 
j=l 

n = NP + l^P + 2, ...,NSP 
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whe re 
1 [h- C. =- g, - ^nx.^f - s.J + -tn P (25) 

[AsA^] = 

/Six 

ßai 

ßl 

ß 33 

ft. 3 

^8 3 

...   ß 

...   ß 

i,NP 

a#NP 

^NSP-NP,!  ^NSP-NP^  ^NSP-NP,3  "'"  ^NSP-NP(NP 

(26) 

Eqs. (5) and (24) correspond to NSP equations in the NSP 

unknowns (mole fractions).  In addition Eq. (7) can be used 

as a check equation.  However, since the total number of moles 

in the system, may be of interest, this parameter is added to 

the set of unknowns and Eq. (7) is added to the system of 

equations. 

This is accomplished by writing Eq. (5) in the following 

form 

NSP b. 
y X.a. . = -=?■ 
^   i ID Y 
i=l 

j=l/..,,NP (27) 
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where Y is the total number of moles in the system, i.e. 

NSP 

Y = V Y (23) 
L I      X 

i=l 

Y. 

Xi = -=r (29) 

The non-linear system of equations given by (7), (24) 

and (27) in the unknowns Y and X. (i=l,2,...NSP) is solved by 

using a modified Newton-Raphson technique. 



III.  METHOD OF SOLUTION 

A residual vector, represented by F., is obtained from 

Eqs. (7) and (27) as follows: 

13 

NSP 

L     i 
i=l 

- 1 

F. 
D 

NSP 
\ 
>  X.a,. 
L      i ID 
i=l 

bj 
(30) 

\^ £ I 3 g   • # o /iNXr 

The Jacobian to be used in the Newton Raphson iterative pro- 

cedure for NP dimensions, DF = (öF^/ö In X ) for (l^j ^NP), 

(1 s -t ä NP) is formed as follows 

DF = 

OF, 

ÖFS 

bF 
NP 

OF, 
ö In  Xi   d -tn Xa 

ÖFa 

5 ^n X!   Ö tn Xa 

dF 
NP 

a tn Xi  a In xa 

öFi 
a 'tn X 

NP 

dFa 
d -tn X 

NP 

ÖFNP 
a tn X 

N£L 

(31) 
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ious terms 

The following is required for the evaluation of the var- 

OF- 
h   In X     ' 

b  In X. 
J  _ c 

b  tn X. jl 

b   In X. j jt 

\ 

1 ^ j ^ NP 

1 S ^ S NP 
(32) 

where Ö.. is the Kronecker delta. 

' 1 for j = -t 

6., - ( j^ 

(^ 0 for j ^ -t y 

(33) 

From Eq. (24) lor (NP + 1 ^ n ^ NSP) , (1 s -L s NP) 

ö tn X 
n 

NP 

ä -tn X   d -tn X 
k-1 

[(ck. ^V3n_NPik]-c U^ 

and 

ÖX 
n 

d -Cn X,   ^^n-NP,^ 

n-NP,t 

(34) 

since C. = C.(P,T). 

From Eq. (27) 

NSP 
1   1  r- 
- = — )  X.a. ,, 

i=l 

(35) 
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then 

Y 
b  In X. 

_1_ 
bi 

X.a. + 
I   -01 

NSP 

I 
n=NP+l 

X , a ß . j m n-NP/'t 
(36) 

It should be noted that Eqs. (35^ and (35) are valid 

only for bj, / 0. 

The partial derivatives that are required for DF as 

defined in Eq. (31) can now be evaluated as follows: 

OF. 
NSP 

a In ir = Xt+ I        Vn-NP, 
n=NP+l 

) (37 

*F. NSP *k 
h  In X. 

X.a,. +  )'   [X.a .ß    .._ ,] - b. r ; ' I I') L j n^ n-NPj-t    3 b  In X    J 

(37) 

n=NP+l 

1 
t-1,2,...,NP 

If the residual vector given by Eq. (30) is denoted by the 

column vector 

Fi 

F3 
(38) 

NP 
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and the set of correction terms denoted by the column vector 

A = 

A ^n X1 

A In  Xa 

(39) 

A IA  X NP 

and DF by Eq. (31), then in accordance with the Newton- 

Raphson procedure these correction terms are found by solving 

the following set of simultaneous linear equations 

(DF) * (A) = F (40) 

The next set of iterated values of the mole fractions 

of the "prime" species is given by the expre^sion 

^n VK+I = {ln VN - X(A ln VN     (41) 

j=l/...#NP 

where N denotes the iteration number and X is a relaxation 

factor (0 < X ^ 1). 

The relaxation factor is chosen by the program so that 

it is as large as possible (but never larger than unity) and 

such that max | F■ f decreases from iteration to iteration. 
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Initially X assumes a value of unity, but is subsequently 

reduced, if necessary, until max { Fj |  is smaller than max 

tlF: The relaxation factor X has been introduced to 
N-l 

keep the iterations in the neighborhood of the solution when- 

ever possible.  If the solution is converging and \   < 1,   then 

X is increased subject to the above constraint to accelerate 

convergence. 

The mole fractions for (NP + 1 s£ n s: NSP) are obtained 

from Eq. (24), and the total moles in the system from (35). 

The criteria ior convergence of the iteration procedure 

are as follows: 

(1) 

F. ! < 10"6 j=l,2,...,NP 

where the F. are defined by Eq. (30), and 

(2) 

jln  X.)N - jln  X.)^ 

Kn Xi)N 
". 10 

-4 

i=l,2,3,...,NSP 

where N is the iteration counter. 

The first test ensures that the major species have con- 

verged, and the second test applies to all the species in the 

system including the trace species 
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IV.  SOME REMARKS ABOUT CONVERGENCE 

Mathematical analysis (s-e Ref. 1) has shown that the 

Gibbs free energy function is strictly convex; hence, setting 

the derivatives of Gibbs free energy to zero results in a 

unique solution.  However, since the system of equations can- 

not be solved in closed form, the question arises as to under 

what conditions will the program encounter convergence 

problems» 

It is suspected that the majority of convergence problems 

will be attributable to either 

(1) the estimates of the mole fractions X., j=l, 2, . . . ,NP, 

are too far from the solution, 

(2) the species have not been properly ordered. 

The user must consider the ordering of species when using 

the "program generatoro"  The first NP species specified must 

be linearly independent.  (Note that charge conservation is 

handled exactly like element conservation.)  For example, if 

a seven species air (N3, N, 03, 0, NO, N0+, e~) chemistry 

system is considered, NP = 3 (the threr "elements" are N, 0, 

e~), NSP = 7 (there are 7 species) and the ordering of the 

first three species could be Na, 0a, e~ or N0+l NO, 0a, as well 

as a number of other combinations.  However, the choice of Ng, 
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N, e" as the first three are incorrect, since N3 and N are not 

linearly independent. 

The first NP species must be chosen such that each 

element (and charge, if applicable) be included among these 

species.  This is a necessary condition for the system to be 

linearly independent; however, :t is not sufficient to guar- 

antee linear independence.  Consider again the seven species 

air case, and let the first NP species be e~, NO and N0+. 

If one forms the hi   matrix as described in (20), it is 

apparent that this system is linearly dependent, since sub- 

tracLing the second row from the first results in the third 

row.  However, the rule described above will work in the 

large majority of chemistry systems. 

Furthermore the program will work most efficiently if 

the first NP species, besides being linearly independent, are 

chosen so that their mole fractions are as large as possible. 

The user should also note that the species cannot be ordered 

such that electrons is the first species, since Y (total 

moles) becomes singular as computed from Eq. (35). 
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V.   OTHER THERMODYNAMXC OPTIONS 

As described in the previous sections the program computes 

the equilibrium composition of a gaseous mixture for specified 

values of pressure and temperature.  Other input options 

available are pressure-enthalpy and pressure-entropy.  For 

these options, the program performs a series of pressure temp- 

erature calculations in an iterative manner until the specified 

values of enthalpy or entropy are satisfied within prescribed 

tolerances.  Estimates of the corresponding values of tempera- 

ture and species mole fractions must be transmitted to the 

equilibrium program through the calling sequence. 

Utilizing the specified value of pressure, and the esti- 

mated values of temperature and the first NP species mole 

fractions, the program computes the corresponding equilibrium 

values of the species mole fractions iX.)it   ar^ of enthalpy. 

Hi (or entropy S-L ) . P   second guess of the temperature is 

obtained (for enthalpy): 

T2 = Ti ± 0.05 Tx  for Hi ^ H 

where H is the specified mixture enthalpy per unit mass, ft /sec' 

A s   lb mole 
S is the entropy, 

R '   lb 
ft2 

S is the entropy per unit mass,  s A 
sec - K 
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The program then calculates Ha corresponding to the 

specified pressure and Ta.  The third estimate of temperature 

is calculated by the application of the "regula falsi" method 

(or method of chords), as follows: 

Ta = Ta - 3   /df 
dT 

(43) 

where \M\     =,  fa - fi 
ldT)8   T8 - TX 

f, = li - H 

All subsequent estimates of T are calculated by expres- 

sing f, as a function of T, by means of a LaGrange second- 

order equation and evaluating this parabola at f = 0, to obtain the 

next estimate of T, ,, where k denotes the enthalpy iteration counter. 

H-i-   —  H _g 
Convergence  is assuraed-when    _£     i 10 

IT 
This procedure, of course, applies also to the pressure- 

entropy option.  The program logic may be readily extended 

to include input options for any two intensive properties. 
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VI.  INSTRUCTIONS FOR USING THE GENERATED EQUILIBRIUM PROGRAM 

Initializing Call Statement 

CALL GENL7X (X,, PROP, PP i, T, P, KOPT, BEE) 

This CALL statement initializes the addresses of the formal 

parametc.s in the calling sequence and computes the element 

conservation constants b. described by Eq. (27), utilizing 

the values of the mole fractions stored in the X array, upon 

entry.  The value of KOPT must be a positive integer.  These 

values of ^.he mole fractions must truly represent the gaseous 

system at some reference state; they cannot be approximations 

(or guesses) of the X., 

The user also has the option of directly storing the 

element mole fractions in the BEE array rather than specifying 

the X.'s.  The option of specifying the values directly in 

the BEE array is particularly useful for applications where 

the element mole fractions are not constant, such as the case 

of a boundary layer adjacent to an ablating body.  When the con- 

tents of the BEE array are specified directly, KOPT must be 

a negative integer upon entry.  /11 subsequent calls (see 

below) must then specify KOPT < 0, and the BEE array must con- 

tain the current values of b. upon entry. 
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The formal parameters in the calling sequence are des^-ibed 

below: 

X is a one-dim^risional array which contains the values of 
the mole fractions.  The size of the array is equal to 
one more than the number of species in the system (NSP+1). 

o 
T is the temperature m K. 

F is the pressure in atmospheres. 

KOPT is a code word which specifies the input option 
(see below). 

BEE is a one-dimensional array, whose size is equal to 
the number of elements, NP, which contains the element 
conservation constants b. described by Eq. (27). 

PROP and PR2 are dummy variables whose contents are 
identified by the code word, KOPT (see below). 

General Call Statment 

CALL GENR7X 

This CALL statement may be executed repeatedly, once the 

initializing CALL statement has been executed.  Note that the equi- 

librium subroutine operates upon those formal pt rameters which appear 

as arguments in the initializing CALL statement.  Hence these 

arguments must contain the correct values of the input param- 

eters when this general call statement is executed.  It is 
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suggested that these formal parameters (X, PROP, PR2. T, P, 

KOPT and BEE) be included in COMMON storage so that transmis- 

sion of their contents among all routines may be satisfactorily 

achieved. 

Pressure-Temperature (P-T) Option;  KOPT = ± 1 

"uesses of the first NP species mole fractions (X., 

j=ll2,...#NP) must be specified in the X array upon entry. 

Pressure-Enthalpy (P-H) Option; KOPT = ±  2 

In addition to these guesses of X,, j=l,2,...»NP, a guess 

of temperature must be specified in the T parameter upon entry. 

Pressure-Entropy (P-S) Option; KOPT ^ ± 3 

Same inputs as for the P-H option, above. 

KOPT = ± 1 for pressure-temperature input option 

±  2   for pressure-enthalpy input option 

± 3 for pressure-entropy input option. 

If KOPT > 0 the contents of the BEE array (values of b.) 

are not altered. 

If KOPT < 0 the user must specify the values of b. in the 

array BEE upon entry. 
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li.c! contents of PROP and PR2 are described in the table 

below.  For KOPT = ± 1, the contents of PROP and PR2 are output 

properties; for KOPT = ± 2 and ± 3, the content of PROP is a 

specified input and the content of PR2 is an output property. 

KOPT PROP PR2 

± 1 enthalpy, ft2/sec*i entropy, lb raoles/lb 

± 2 enthalpy, ft2/.-ieca entropy, lb moles/lb 

± 3 entropy,  lb moles/lb enthalpy, ft2/sec2 

There are four situations under which the equilibrium pro- 

gram will call an error subroutine, and they are: 

1. The temperature at which the species enchalpy and 

species entropy are to be evaluated from the curve fits, as 

shown in Eqs. ^44), is higher than the upper bound of tempera- 

ture range over which the fit is valid (no check is made for 

the lower bound of the temperature). 

2. If more than ten iterations are required to satisfy 

the prescribed value enthalpy (or entropy) within a relative 

-6 _        A 
error of 10  , when the P-H (or P-S) options are used, 

3. If more than 30 iterations are required to converge 

to a solution for a P-T problem. 
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max 

4,  If between two successive iterations for a P-T problem, 

Fj Y  as defined by Eq. (30) does not decrease, the value 

of the relaxation factor \   used in Eq. (41) will be reduced; 

this r duction of X will be repeated until max -I JF-i j- decreases 

from iteration to iteration.  However, the program calls the 

error subroutine if Xhas been reduced for 10 consecutive P-T 

iterations. 

For the first three situations it will probably be 

desirable to let the program continue after writing an error 

message.  If tne last situation occurs, an error message should 

be output after v'hich the execution should be terminated.  The 

run should be resubmitted, either with "better" guesses for 

the mole fractions, or possibly the species may have to be 

re-ordered. 

A listing of the error subroutine which handles these 

situations as stated above appears in Appendix c - 

Included in the equilibrium package is a subroutine that 

wil1 solvo a system of N simultaneous equations.  The method 

employed is pivotal condensation, where the largest pivotal 

element available is utilizrd. 

The user may CALL this subroutine in another part of 

hi.s program by the following statement: 
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CALL CLEM (Al, DLNX, F, N, N+l, AT) 

where the formal parameters are defined as follows: 

M is the matrix of coefficient 

DLNX is the solution of vector 

F is the forcing vector 

N is the number of equations to be solved 

AT is a working array used by the subroutine, but 

must be dimensioned by the calling program to be 

of size (N, N+i). 

A 
Streamline Calculation Using Equilibrxum P-S Option 

To perio-.m calculations along streamlines using the P-S 

option of ""he equilibrium chemistry program, it is first 

necessary to execute either the P-T option or the P-K option 

at the initial point on the streamline in order to extract 

the value of entropy (S).  All subsequent calculations along 

the streamline may then be executed using the P-S option where 

A 
S is the value extracted at the initial point.  This value of 

A 
S is conserved along each streamline.  To calculate the dimen- 

A 
sionless value of entropy it is necessary to multiply S by the 

mixture molecular weight. 
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VII.  DESCRIPTION OF THE EQUILIBRIUM PROGRAM GENEPATOR 

For each chemistry system used the user must first gen- 

erate the FORTRAN IV source cards for the specific chemistry 

system requested.  The generator program punches the source 

cards of the equilibrium subroutine, including all the 

required internal data, and the elements of the A matrix 

defined by Eq. (6J.  The curve fits are of the form: 

c  = a. + b.T 
p.    i   i 

h. = h,  + 
i   i 

^T b. T2 

c   dT = a.T + -~-—+d.      (44) 
p,        \ 2 2. 

where  c   is the species specific heat at constant pressure, 
P.i  ftVsec3 0K 

h.   is the species enthalpy, ft2/sec2 (note that 
species sensible enthalpy is taken to be zero at 0 K) 

h.   is the species heat of formation at 0 0K, ft2/sec3 

o 
s.   is the species entrcpy, ft^/sec2  K (note ¥. is 

taken co be zero at 0  K, p = 1 atmosphere) 

T   is the lower bound of temperature for the curve fit 
o.   „      o 
i or c  ,  K. 

P- 
i 
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The data for Cp. have been fit (in the 3 aast square 

sense) as a function of temperature, with first order equa- 

tions; the curve iits are subdivided into several temperature 

ranges  The only constraint on these fits for the equilibrium 

program is that the temperature ranges for each fit (c  , h., 
^i  1 

s.) of a given species coincide.  The curve fits now con- 

tained on the library tape used by the program generator 

satisfy  this constraint.  Presently a maximum of 6 tempera- 

ture ranges per species is accommodated. 
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Input Format to the Program Generator 

CARD NO.      COLUMNS DATA TO BE PUNCHED ON CARD 

1 3—8       Date (inonth/day/y©a.r) 

45 1 

46 1 

2 17 

43-45      (right adjusted) number of species 

in system 

3 12 

4,5,6,...      6A12      The species symbols consistent with 

GASL library tape, with 12 columns 

per field for each species.  The 

first NP (where NP is the total 

number of elements and charges, if 

applicable) species must be linearly 

independent, and the first of these 

species may not be electrons since 

Eq. (35) would become singular. 

See Appendix D for sample inputs 
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Oppratinq Instructions for the Program Generator 

When running the "program generator" on a 7094 IBM computer 

the followivig operating instructiona dpnly: 

1. IBSYS system version 13 is to be used. 

2. Mount a specified GASL Chemistry Library tape on 

unit A5. 

3. Scratch tapes are to be mounted on units B5 and B6. 

4. One file from output tape unit A6 is to be punched 

on FORTRAN cards; interpret columns 1-60.  These 

cards are the source deck of the equilibrium 

program. 

5. List under program control the output from unit Bl, 
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Output Qbt^inecj from t)ie Equilibrium Program Generator 

The generator will output (on papor) a report detailing the 

coefficients of the least-square curve fits of the species 

enthalpy and species entropy, as functions of temperature as 

well as the upper and lower bounds of the temperature regions 

corresponding to each curve fit.  Since the equilibrium pro- 

gram does not checK for the lowest bound on temperature (i.e. 

it will automatically extrapolate to a temperature below the 

lowest bound), the user shqmld check this output if he expects 

the program to encounter temperatures below the lowest bound, 

which for most species presently accommodated, is 200OK. 

In addition, the source deck of the equilibrium sub- 

routine, in FORTRAN IV, for the specified chemistry system is 

punched as output, a listing of which appears in the appendix. 

The user must add subroutine ERROR, as described in Appendix c. 
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A typical application of a generated equilibrium program 

was for the computation of the equilibrium composition of an 

Air-Teflon mixture through a boundary layer adjacent to an 

ablating surface.  An equilibrium subroutine comprised of 37 

species was produced by the "program generator,"  A "user's" 

program was written, utilizing this subroutine, which 

traversed the boundary layer, calculating the equilibrium 

composition of the gas, and the mixture parameters, such as 

the temperature, corresponding to a specified variation of 

enthalpy, pressure, and element composition.  The element 

composition varied from 90% teflon to air ratio, to 100% air, 

and the temperature varied from 1000 0K to 5500 0K.  The 

frontispiece depicts thd variation of the mole fractions with 

temperature for a preliminary chemical system consisting of 

28 species which reflects a teflon air ratio of 50% by volumco 
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FLOW CHART /OR SUBROUTINE GENL7X 

ENTRY GENR/X 

<0 

? 
Test 
KOPT 

^0 

Store BEßU) 

In A(NSP1,I) 
1  * I  ä NP 

i 

r <0 

LOJO^JL =_1.NP 

Test 
X(I) 

K(I)=.001 

*?&■ 1 
Store InXi •*  XLN (I) 

I 
ZLAMDA=-1 
^np -• PLOG 
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i 
Test 

KDPT-1 
= 0 Go  \ 

To 
(B) 
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1 
I 
I 
t 

f 
I 
I 

1 
=0 

vfJ    v 
Test 
TPH-1 

A 
V /o 

/ 
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Compute 
enthapy 
•*ETCH 

FOLD •• PN2 
PNEWH - FOLDH 

(PROP-ETCH) 
-•PNEWH 

I 

>io 
m 

Compute 
entropy 
-♦ETCH 
ZTJ  

Test 

IPROP-ETCK 

\ 
PROP 

<xo -6 

Go 
To 

TOLD-TN2 

T-TOLD 

= 2 Test \ 
IPH  / 
 f 

-to 

T-.95T 

I 

1 
Test \ >0 
PNEWH y-^1 T-1.05T 

To R 

p 
i 

r* i 
Test \=3 
IPH 

I 
TOLD-T,N2,  T-*TOIiD 

Compute T by drawing 
Parabola thru last 3 
Points (Müller' s Methov. 

1 
RjiaW Test 

T 

1 
TOLD-^rN2,     T-^TOLD 

Compute T by 
Regula Palsi method 

Imaginary 

.1 
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1 
Do,P,T problem (see separate flow chart 
starting at Q 

=1 

<8) 

Compute 
| entropy, 
i enthalpy 

t 
Return 

I 
/ Test 
KOPT 

^1 IPH= 

IPH+1 

^10 

A 
Go 
To 

V 
® J 

Test 

IPH 

\ >10 

""1 

CALL 
EPvROR 

T 
Return 
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FLOW CHART FOR P,T  PROBLEM 

± 
Compute C.   (1  ^  i ^ NSP)     eq.   25 

Compute tr«.(NP +  1   ^   i  ^  NSP)     eq.   24 

I 
Store 
XLN(I) 

-OCLASTd) 

ITER = 0 
KOUNT = 0 

KDLJT1 = 0 

i 
Compute F.(1 ^ j ^ N?)  eq.  30 

Store Max |Fj | -» F(NP + 1) 
Store F-.* FOLD (I)  (1 ^ j ^ NP + 1) 

Compute Jacobian eq. 31, Solve for AtnX.  eq. 40 

Compute InX.(1 ^ i ^ NSP) eqs. 41, 24 and store-XLN(I) 

Compute X.(l ^ i ^ NSP), Any X > 1 set ^nX. = -.001 

Compute y eq. 35, F. (1 ^ i ^ NP + 1) eq. 30, store-»F(I) 

"1 

Loop I 1,NP 

>0 
/  Test 

■IF (I) 

Test 

F(N)-iö" 
\ >0 

-^•OLDdl 

(all ^ 0) 

!  X - X/2 
KOUNT1 = 0 '. 

FOLD (I)-F (I)' 
KOUNTi=KOUNT+l ^ 

-v. 

CALL 

! ERROR r 
Return 

0 
Test 
KOUNT-10 ^0 
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® 

KOUNTl = 

KDUNTl + 1 

i 
<n /  Test 

A KOUNTl 
A 

-2 

\ 

an KOUKT1 = 0' 

X = 2X  ; 

t 

>0 /   Test 

X - 1 

>0 

I 

Loog 1=1, NSP 

>0 

Test 

jXLNCl) -  XIAST(I) 
XLNU) 

-10"4 

T-t >0 

t lall ^0) 
/  Test 

F(NP+1)-10 -6 
^0 

/ 

Go 
To 
® 

X=l 

J 

(P-T 
Problem Complet( 

ITER = ITER + 1 

XLN(I)-XLA5T(I) 

F(I)^FOLD(I) ^0 

Go 
To 

Test 

ITER - 30 
>0 

/ 

j CALL 
I ERROR 
i   .., „J 

tteturn 
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$IBf-TC   GfcN7S.      FULIST 
$UBr<CLT)Nb   GENL7X 
DIMtNSiUN   AK   <•, 

1XLN(      8)fCi      8),X 
2CfcNQ^(2)»TEMP(   <*) 
i*{      8)(EM(      8),CP 

(X,PROP,PR2tT,P,KQPT,BEE) 
<*i,X{      9)tBEIA(      4,   4)|A:      9»   4)fF( 
LAST(      tii,ULNXi   4JtPSU      4(   4f   41, 
tTEHPIl   AJ,AT(   4t   3)»FQIC(   5). 
1  8f6t5}|BEE( 4) 

3),21  8), 

c SPECIES CRÜEP 
c 
c 

1 C2 
2 N2 

c 3      E- 
c 4       AR 
c 5       N 
c 6       NC 
c 7    m* 
c 8      C 

OATA W     / 
l 2.7<JÖi25CE C3, 3 
2 6.3920616E C3f 2 
OAIA EM    / 

1 3.20CCOGCE Cl, 2 
2 l^CCBOCCE Cl, 3 
DATA   A   / 

i 2.UCÜOOGCE CC, 0 
2 C.          , I 
3 0.           , 0 
4 0.          , I 
5 C.          , 0 
6 l.OCCOOOCE CC, 0 
7-l.CCCOOOCE CC, 0 
8 G.           , 0 
S 0.           , 0 
DATA BETA  / 
l-G.           , 5 
2 5.CGÜ0000E-01, 5 
3 0.           , 0 
4 C.           , 0 
OAi'A(CP    (1,1 , 1 

1 9.371fc9S9£ C3, 
2 l.b9220Ü0E C4, 
3 1.13<t200GE 04, 
4 1-18C2000E C4, 
b   1,25750GGE C4, 
6 2.01500CCE 04, 
7 l.öICeOOüt C4, 6 
8-1.5187CCCE G4, 
9 1.765200CE 04, 
1 2.22410CCE C4, 
2 2.C^JfcCCCE C4, 
3 5.565100CE 04, 
4 2.308t)O0CE CO, 
5 3.1C^5000E-C2, 
6 6.66C89SSE-C1, 
7 1.299500CE CC, 
fc 3.b5e90GCE-Cl, 
9 J.17^80GCE-01, 
l-^.Cl7fcOCCE-C2, 
ÜATA(CP    (1,1 11 

1 2.t)2t>00GCt CC, 
2-1.4887GCCE-C1, 

.196030eE 03 

.983871CE 03 

.8G160CCE 01 

.COCtiOGGE 01 

.CQCOOOCE CO 

.OOCOGCQt 00 

.00C0000E-01 
,OOCCC0CE-Gl 

>,I«    1, 
.C7300G0E 04 
.01730GCE 04 
.334900GE 04 
.39e9999t G3 
.387CGG0E 04 
.245Ö00CE 04 
.215700GE 03 
.2587GG0E 04 
.628300CE C3 
.62250GOE 04 
.2720GC0E 04 
.2964CCGE 04 
.7330ÜOOE CO 
.39C30GCE 00 
.7776CCCE-01 
.68110GCE 00 
.37C1ÜC0E-C1 
.3365CCCE-G1 
.C375G0CE CO 
),l= 77, 
.d8l9GCGE-0l 
.37920CCE CO 

1.632G95lt C8 
2.9ti38710£ C3 

5.48620C0E-G4 
3.CC08000E 01 

0. 
l.CCOCOOOE CO 
2.CQOÜ00CE CO 
l.COOOOOOE 00 
C. 
0. 
0. 
l.GCCGOOOE 00 
c. 

5.COG 
b.GCC 

-I.GOO 
0. 

76)/ 
4.C7b 
1.CC1 
4.C7b 
1,28*! 
<i.C75 
6.898 
4.C7b 
1.196 
4.C73 
2.222 
4.C7'j 
2.283 
0. 
1.574 
0. 
1.704 
0. 
1.C16 
C. 

52)/ 
1.617 
0. 

0000E-C1 
0000E-Cl 
OCOOE GO 

7999E 
5CÜÜE 
799,5>£ 
JOOOE 
7999E 
IGOOE 
7999E 
9000E 
7999E 
lOOOt 
7999E 
10G0E 

08 
C4 
Cb 
C4 
C8 
03 
CB 
C3 
Gb 
03 
Lb 
04 

9C0ÜE GO 

5COOE-01 

9GG0E CO 

IGOOE CO 

2.241b383E 03, 
5.5962500E 03/ 

3.9944Ü00E 01, 
1.6GC0000E Cl/ 

0. , 
l.GOOOQOCE CO, 
0. , 
l.OOGOOOOE CO, 
0. , 
C. , 
0. , 
0. , 
G. / 

5.C0C000Üt-Cl, 
0. , 
0. , 
0. / 

5.5925999E C3, 
l.olbbOGCE 04, 
1.7240000L 03, 
1.415400CE C4, 
-i.284500üfc 03, 
1.3418C0ÜE C4, 
-1.3CG900ÜE 04, 
1.4487Ü0UE 03, 
-^.483300GE C4, 
-1.8841000h C4, 
-5.111900ÜE C4, 
7.96170Ü0E C3, 
2.7274GGGE-03i. 

-4.1353000E CO, 
3.5441CCGb-Cl, 
-'j.7^38000fc-02, 
6.COÜ100GE-01, 
^.27110GOE-C1, 
1.46850ÜCE 00/ 

l.CJB^OOUt CO, 
2.287^0CCt CC, 
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3 9.9ä3500üE- -01, , 4.S6640C0E- -02 i 1.53I6Ü00E 00, , 2.1816Ü00E 00, 
4-3.13C30CCE- -Cl, , 7.4S46000E- -Cl > 0. , 3.953200OE 00, 
5-2.3SC1000E- -Cl -2.872S0CCE- -01 ► 1.57760C0E- -01, , 1.15C8C0ÜE CO, 
6 1.487300CE C4, 1.1777000E 04 >-1.9i30000E 09, 9.8261999E 03, 
7 <i.6S<i30Q0E 04, 1.72d9C0CE 04, > 1.3522000E 04 , 1.7256000E 04, 
8 2.ti7^20QOE 03 )-5.238300CE 03, ,-1.913CüOOE 09 , 4.1957000E C4, 
S 5.62C30CCE C4 2.146800ÜE 04 ,-5.Cl89000£ 03 r 2.Yd6200C£ 04, 
1-6.2367Ü00E C3 ,-8.9'S630CQE 03 ,-l.913C00üE 09, 6.7269000E 04, 
2-I.CS7500CE 04, 2.64C500CE 03, , 4.152C00OE 04, , 3.28e40C0E 04, 
3-3.H75000CE 04, , 5.26C500CE 04 r-l.Sl300Ü0E 09, , i,6705000E 05, 
4 2.S57ÖÜCCE C3 , l.o8C700GE 03 r 8.8C3600ÜE 04 i I.358l0ü0k 05, 
5-^*7?ilC0:fc C4. 8.223i000E C4, ,-l.9130COOE 09, 2.689500Cb 05, 
6-<i.5C740CCt 04, ,-2.y7l900üE 04, 7.9432999E 04, , i.l404ÖÖüE 05, 
7-7.C111000E 04 »-5.367600CE 03 ,-1.9lJ0C0ÜE 09, , 4.S628CQUE 05, 
8-3.525Ö000E 05 ,-8.972C999E 04, ,-9.8128999E 04 , 6.8365C00E 04, 
9 3.C3AeOOCE C4 , 3.6i6t0CCE 04 r 0. , 9.1752999c 02, 
I 3.6U^00CE C6, , 3.225500CE 07 , 3.5402000E 08 , 1.6589Ö0CE 08/ 
DAT^(CP (It ia)fi=   i53 r * 228»/ 
1-1.15C10C0E 06 ,-2.32ll000E 06 » 0. t 2.l2id000c C7, 
2 3.685^00CE 08 , 3.24e700CE 07 , 3.512100UE 08 , 1.6640000E 08, 
3-3.t6UC0CE 06 ,-3.2845C0C£ 06 f 0. , 3.97050CÜE 07, 
'i 3.330700CE C6 » 3.05040CCE 07, , 3.7195000E 08 , 1.6732000b 06, 
5-I.S227ÜCCE 07 r 2.924800GE C7 i 0. , 1.188400CE ca. 
6 6.157699SE 08 , 3.02980G0E 07, , 3.9S0400ÜE 08, , 2.55590üCt C8, 
7-2.849000CE 07, » 4.8081999E 07, r 0. , 2.C493000E 08, 
8 1.57260CCE 08 r 2.5620000E 06 r 3.9288000E 08, , 4.3566999E 06. 
9-4.e8A5CCtE 07 r-3.26560CCE C7 i 0. r 4.115400CE 08, 
l-2.937tO0CE CE ►-6.482900CE 07 , 2.3832000E 08, r 8.7229999E 07, 
2 1.25CC00CE 03, , 1.80CC0C0E 03, , 3.C00C0OÜE 04, , 1.10C0000E 04, 
3 i.3CC0Q0CE 0 3 . fe.lQCCOOOE 02 ,   2.CCCC000E 03 , 5.CCC0000E C2, 
4 4.50QC00ÜE 03 t   3.7000000E 03, , 3.0C00C00E 04 , 1.22500ÜÜE 04, 
5 8.5CC0Ü00E 03 , 1.30CC000fc 03, r 7.0CCC000k 03 i 2.5000000E 03, 
6 8.8CCC0C0E C3 , 8.50CCC0CE 03, , 3.0C0000UE 04 , 1.3500000k 04, 
7 1.6CC000CE 04 ,   3.C0C00UGE 03 r 9.5C000OOE 03 , 1.4750000E 04, 
8 1.225000CE C4 , 1.05C00C0E 04, r S.CCOOOÜOE 04, , 1.4500000E 04, 
S 2.45C000CE 04 , 1.5250C00E 04, , 1,2C0C000E 04 1.775000CE C4, 
I 1.60COOOOE 04 , 1.60C00C0E 04, , 3.0000000E 04 , 1.5760000E 04/ 
OATA(CP    ( 11.] l.U,I=  229 i  ' >40)/ 

1 2.70CCOOCE C4 , 2.00CO0COE 04 , i.scnooooE 04 , 2.6000nOOE C4, 
2 3.CC0OOOCE C4 , l.dOOOOOOE 04, 3.CCC00OOE 04, , 1.75C0000E 04, 
3 3.CCC000CE 04 r 3.00CO00CE 04, i 1.7500000E 04 , 3.C0C0000E 04/ 
DATA KPtNSP .Mff 4»NSPlfNNNN/ 4 >  8t  4,  5 r  * it     6/ 
OATA PSI   , ̂ 
1-0. , 5.00COOOOE- -01, r 5.CC0000OE- ■01 , 5.C000000E- -01, 
2-C. , 5.00C0000E- -01, , 5.0CC0COOE- -01, > 0. 
3-C. ,  o. ^S.CCOOOOOE- -01, }   0. 
4-C. r 0. r 0. r 0. 
5 C. ,   5.CCCC0CCE- -01 , 5.CC00000E- -01 , 0. 
6 5.0CCC0QCE- -01 r 5.00COCOCE- -01, , 5.C0C00COE- -01 r 0. 
7 C. ,  0. r-5.CCC0000E- -Cl, r 0, 
8 C. » 0. ,   0. r 0. 
S C. r 0. ,-l.CCOOOOOE CO I 0. 
1 C. f   Ü. ,-l.CCOOOOOE CO, » 0. ' 
2 C. t  o. , l.COOOOOOE CO i   0. 
3 C. t   0. »-C. r 0. 
4 C. i 0. t   0. f  o. 
3 0. » 0. • c. i o. 
6 C. ► 0. r-0. r 0. 
7 C. f   0. i 0. r 0. / 
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L 
C 
C 
C 

29 

It 

20 

13 

C MMHIZt   FH 
C NP   AHE   THE 
C NSF   ARE   THE 
C T   IS   ACLESS 
C KCP1=:   NfAN 
C KCPT-2   MEAN 
C KCPT=J   NEAN 
C X(I )   ARE   MC 

X(NSP1)M. 
DC   23   I=lfN 
AtNSPitl»=C 
UC   23   J-=l»N 

23   A(NSP1,I )=A 
RETURN 
fcMRV   GENR7 
IKKCPT.üT. 
KCPr=-K0PT 
CC   29   l^UN 
A(NSPl«n = ti 
WRITE(6(ll) 
CCNTINLE 
DC   20   1 = 1 tN 
iF(X(l).LE. 
XLN(i )=ALLG 
IPh=l 
FCRMAI(3tlC 
WHIU(ö,iJ) 
l-CRMAT(3E20 
INITIALIZE 
ZLAMCAM. 
PLCG=ALLG(P 

1999   GG   IC(20C?f 
2CCC   1RIPH.EG.1 

LCFT^KCPT 
WILL   RETURN 

l=2tENTRCPY 
GC   TC   520C 
•«RITE(6,in 
CCNIINLE 
IF(ABS'(PRC 
FN2=fCLDh 
FCLCF = FNEk.F 
FNE>>H = PRCP- 
IF( IPF.Nfc.2 
IN2=TCLC 
TCLL=T 
IF(FNEWh)2C 

2CCi   T=,95*T 
GL   TC   200? 

2CCA   T=1.C5*I 
GC ]C 2007 

2002 1F(IPF.NE.3 
3010 FPKIMt=(FNt 

TN2=TCLD 
TCLC=T 
l=T-FNtWF/F 
GC IC 200? 

2006 HN=I-TCL0 
rM=ICLD-TN 

C 
L 

C216A 
216^1 

tE   ENERGY 
NUMBER ÜF ELEMENTS 
NUMBER OF SPECIES 
FCR KCPT=2.3 

S P»T GIVEN 
S PtF GIVEN,PRCP IS ENTHALPY 
S P, S GIVEN, PROP IS ENTRCPY 
LE FRACTICNS,YBAR=TCTAL INITIAL MCLES 

SF 
(NSPI, n*A(j,n*xu)*x(NSPii 

OIGC TL 26 

P 
EE(I) 
(X(n,I = l,NP) 

O.lXd ) = .C01 
(xmi 

.6,110) 
T,P,PRCP,KCPT 
•dtiio) 
LAMCA 

» 
2000,2000) ,KCPT 
)GC TO 2007 

IN ETCH THE MIXTURE ENTHALPY FCR KCPT 
KCPT^3 

EICF.T 

P-ETCHJ/PRCP).LT..000C0i)GC TC 300 

ETCH 
»GC TO 2002 

03,300,200^ 

)GC 10 20C8 
*F-F0LLH/{T-TCLC) 

PRIME 
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i 
I 
i 

b 
6 
7 
8 
li 

10 
II 

13 
1<I 

13 
16 
17 
lb 
IS 
20 
21 
22 
23 
2A 
2b 
26 
27 
28 
29 
ir. 

ill 
32 

3b 
36 I 
38« 
39 

l\\ 

^.6 

'7I Ab 
A9 

51| 32! 
53 

^1 
56* 
57 
5 
5 

i    t 

JCC3 

300^ 
iC05 

2CC7 

2163 

41GI 
C41CI 

2CC1 
12 

eA 

210 
211 

61 
A1C2 

C^5CC 
4500 

71 

% 

75 

?2 
74 
70 
ei 

90 

85 

t6 

AM = <;N*t 
b^=(2.* 
CH=«FNfcl« 

IMCLN. 
CCN=SC« 
OeNCHd 
DtNCM<2 
lF(/)ßS( 
BCTICH= 
GC   TO   3 

1N2MCL 
TCLC^T 
T=T-hN* 
LCPT=1 
GC   7C   5 
KKK=3 
GC   TC   4 
CCMINC 
MRnE(6 
DC   12   I 
XLASTU 
ITER=C 
KCUNT«C 
KKK=1 
KCbMl = 
LLL = 3 
GC   TC   c 
CC   211 
Fcccm 
GC TC(4 
LU = 2 
GC TC 6 
WHITtio 
CCNTIfsb 
H IKN» 
IF(FtM 

KCCNT1= 
KCUM = K 
KKK*2 
DC   75   I 
FU»»FC 
XLN(I)= 
F(N)=FC 
IFlKCCh 
CALL   kK 
GC   TC   3 
KKK = 1 
KCCNT1= 
1F(KCCN 
ZLAfDA= 
IFiZLAH 
KCCKT1= 
ÜC   66   I 
IF1ABS( 
ccMir.^ 

M 
FN 
CN 
F* 
BM 
LT 
T( 
! = 
) = 
CE 
OF 
üü 
0E 
C 

. + UM»FCLCh*U*FN2J 
NtkH-FCLCF*( 1 .♦CN )**2*üN*(-N*FN2 
) 
*Ch 

TC   3C1C 

EWF-d 
♦l.»*F 
(1.4GN 
-4.«AH 
.Ü.)GC 
CCN» 
ÜH^CCN 
B^-CCN 
NGM(in-AfcS(CENCM»2)))3CC2,3003t3C04 
NCHm 
5 
NC^(l) 

''..♦CM/BCTTCF 

40 7 

20C 
E 
i limCFfFht*Fl.FPKlME,T,FCLCHtTCLCfX 
=lfNSP 
» = XLN(n 

00 
IMfN 
= r(II 
Cl?t4C2C)tKKK 

CO 
,ll)ZLAPCA(FOLC 
e 
-FCLCIN))7C.7C»71 
.LT..CCGCünGC   TC   85 
ZLAMCA/2. 
0 
CCNT+l 

= l,NP 
LD( n 
XLASTd» 
LDiM 
T-lC)61f61,72 
HCK(G*ltKRCPtl3) 
05 

KCLNfl+l 
Tl-2)£5f90,SO 
2.*ZLAHÜA 
CA.GT.l.lZLAMCA^i. 
Ü 
=liNSP 
(XLM D-XLASIi I) )/XLM I ) ) - .OCC I) 86 , 86 ,9 I 
E 

60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
7Ü 
71 
72 
73 
/A 
75 
76 
77 
78 
79 
80 
ei 
82 
83 
64 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

IOC 
101 
1C2 
103 
1C4 
105 
1C6 
1C7 
108 
109 
110 
111 
112 
113 
11«« 
115 

116 
117 
llö 
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L 
SI 

ds 

IcS 

S2 

3Cc 

3C5 

<iLil 

C 

HOL i 

^CC6 

^CC7 

'♦ (; j l 

IM f (K 
lltH-l 
w«lTtl 
äAVt L 
ÜC tS 
XLAiU 
LiL IfcS 
HLC( I 
IHI lit 
C/^LL i 
CCM1N 
«K i  It ( 

IF 1 ll^h 
L^LL t 
t-LKMT 
LLH I=K 
GL TC 
Pt<CP = fc 
LLPI=? 
GL ?C 
LLHT=A 
KOT = L 
PW2=tl 

LC <iCC 
AUl, J 
LL <iCC 
I I=NH* 
Alt 1, J 
Ai( I, J 
LH NAT 
Gtl   t( 

TtypiL 
CC <tCC 
JJ=J-N 
IL^PCL 
TtVP(L 
NC* J-C 
CG <iüC 
CC ^tJC 
TtNPH 
ÜC '•GC 
JJ = J--N 
UNPll 
Ai( 1 ,L 
LLL = 1 
GALL C 
GC 40* 
ALM I ) 
LL s*C 
I t^H ( 
GL 4C2 
ALM U 
J J= l-t\ 
GL 4ui 
XLN( 1 ) 

)- 
IL 
e , 

i = 
1 I 

I 
) = 
rt- 
KK 

Lb 
fc» 
1. 
M 
-1 
HK 
(b 

LP 
52 
K 

• G G 
ti*i 

11) 
i 1 i 

ItN 
= XL 
= 1, 
Ft I 
JO 
CHI 

GCGi jgsf9sfsi 

,I = 1,NSP   ANÜ   F( I », 1 = 1,N 
SP 
M i) 
IS 
) 
cl»S2,S2 
wXl,KKGf, 12) 

1 lULAfCA»XtXLNfXLAST 
LG.DGC   TL   JGC 
i 
Ü» ISSitIVSb,ISSc 
GM^Xi »KKLM, 11 ) 

c2C . >r ) 
Mi 
CC 
H 

bsU? 

CPT-3 
Gh 

1 
> = 
2 
I 
) = 
)- 
HI 

1/ 

» = 
3 
P 

) = 
) = 
KM 
6 
6 
L ) 

p 

L ) 
)- 

J=i,l\P 

1=1,f 

Ait 1,J)*X(II )«ebIA{i ,J) 
X|J)>AUl,J) 
X    IN    Al   ARKAY 

YdAK)/GLNXlL)    IN    It^PIL) 
LM.NP 
U • 
J = N , N S F 

ILNPIL)4PS1(JJ,1,L)*X(J) 
(T£NP(L)«-AiL)*A(L,l))/A(NSFl,l) 
GFl I )/i.LNX(L) FCK 1 = 2,NP ANG L=l,NH 

L=1,NP 
= C . 
J-N,NbP 

Mtf PI (L»*PJ>I(JJ, I ,L)*X( J) 
AU,I)*X(L)*TtKPllL)-A{NiPl,l)*rb.,*'P(c) 

Ltf /X(A1,GLNä,FtNP,\,AI) 
1    1 = 1,NP 
= ALN( I )-ZLAfi.A*GLNX( I ) 
1   L=1,NP 
L) = XLMl )*GiL) 
5    I = N , N S P 
= t . 
P 
1    L = 1,(^P 
= XLN(l)*UMPiU)«ritIAIJJ,L) 



ß-6 

^L«^ 

-«CbC 

öCC 

eci 

6C2 
6Ci 

6CA 
6C5 

C 
c 
L 
C 
c 
c 
c 
c 
c 

c 
520C 

52CI 

5202 

5^cy 

5AG2 

5<i03 

XLM l 
CC AC 
IFIXL 
CCRKfc 
XLNd 
CLMI 

X(NSP 
CL A0 
X(Jj = 
IFlAti 
X{NSP 
XINSP 
GC TC 
CL^PU 
ALSL 
CIMC 
CC 6C 
LCf'sC 
F(l) = 
CC fcC 
CLN = C 
CC fcC 
LLMü 
F(I) = 
FiNC 
F(M = 
CC 6C 
fc = AES 
iFifc- 
F(N) = 
CCMI 
hHUt 
GC TC 
FIKSI 
SECCN 
IHIRC 
ThIBC 
TFIKC 
THIRC 
THIRC 
S = A*L 
h = A*T 
CCNVt 
Z t>HH 
E*H = C 
CC b* 
£^► = 6 
DC   52 
nn* 
WKlTt 
TLCG = 
tTCF = 
ÜC 54 
DC bn 
IF(CP 
CCMI 
CALL 
GC   IC 

) = x 
^2 
Mi 
CT 
)=- 
ME 
Tt 
n = 
5C 
txP 
SIX 
iJ = 
1) = 
(Al 
TfcS 
STL 

LM ll-Cd ) 
i=l,NSP 
) )4C22t4C22t4C2i 
ANY l«CL£ FHACI ICNS 
.01 

LARGER THAN 1 

XU) ANC YbAK 

0. 
J=l,NSP 
i ALM J) ) 
LM J) J.GT .fc8. JX( JJ=G 
(N C p 1 t « A f Ä '. J , 1 ) * * ( J J 

AjNSPl,n/X(NSPiJ 
02,A1C2.AICI) ,KKK 
F FCR NEMUN RAPHSCN 

KES LAPGESl F IN FIM 

1 1 = 1,NSP 
GM*X( I ) 
CLM-1. 
3 1 = 2,NF 
« 

2 J=1,NSP 
CN*A(J,n«X( J) 
CLM-A{NSP1,I)/X(NSPl) 
THE LARGEST FU) 
ABS(e( in 

5 1 = 2,NP 
(F( in 
FdN) J6C5,6C4,60A 
E 
NUE 
(6,11)F 
(AQ0?,A5CC,21C),LLL 
SUBSCRIPT DEFINES SPECIE 

C SCeSCRIPT IS FCR 
SteSCKIPT l=A 

2 = B 
3 = C 
4 = C 
5 UPPER 

NUM3fcR 
RANGE   IN   TENPbRATURE 

SUBSCRIPT 
SUBSCRIPT 
SUBSCRIPT 
SUBSCRIPT 

NT+e*T*C 
*.5*fe*T«T+C 
RT   HCLE   TC   MASS   FRACTIONS 
ÜY   FCR   fASS   FKACTICNS 

T   IN   TEHP.   RANGE 

:i   1=1,NSP 
fH*m i»*E^n > 
C2   1 = 1,NSP 
XIIMfcMl II/EMM 
UfUIZtE^tEMM 
ALLGIT) 
C. 
Cl    1=1,NSP 
C2   jJ=l,NNNN 
(I,JJ,5)-T)5A02,5A0 3,5<iC3 
NUE 
ERRCRi T,I,iÜi 
J5AOfc,5AO5,5<iCAt5A05,5<»C4,5<iG5,5A04),LCPT 

17ö 
17S 
löC 
161 
lt2 
lä3 
itA 
185 
ite 
l«? 
Üb 
it«; 

1S1 
192 
193 
ISA 
1^5 
19fc 
197 
19b 
199 
2CC 
2C1 
2C2 
2C3 
2CA 
2C5 
206 
2C7 
2C8 
2G9 
^10 
^11 
212 
213 
21A 
215 
216 
217 
21t 
.119 
22C 
221 
222 
223 
22A 
225 
2^6 
2^7 
22b 
229 
230 
231 
232 
233 
2JA 
235 
236 
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54C5   hI = <CP( I, JJ, li>.5*CP(I»JJ^)*T)*l4CP( S.JJ,^) 
C NfJITtic, 113M,JJ,H1 

ETO=fcTO*Zn )*hl 
GC   TC   S'iOl 

5404   SI'CP(I,JJ,l)*TLGG+CP(If JJti^T+CP«! tJJtJl 
C kWlTEU, 113) l.JJt SI 

fcTCMETCMXn »«(SI/Wl I ]-XLN( ! )-PLCGi/EMM 
GC   TC   5401 

54C6   Cl n=CP(If JJi U-CPdiJJt JI-.5*CP( IfJJf^)»T*CP( I,JJ,4)/ 
lT-CPiI,JJ,l)*ILCG 
cin«c»i)/hn»*PLCG 

L MKITt(6,113lltJJfC(ll 
5401   CCMINUE 

C   » '3   PCRMAT{^IlCt3E2C.e) 
GC   TCU163f2l64,2i64,3C6,3C5,3C5f3C7J,i.QPT 
tNC 

il SCLEM? 
SLBRCtTINE   CLEP7X(B«XtCtM,M1»AT) 
DIMENSION   tJ(M,H),X(M)tD(^lJfAI(ftMl» 

C EtLAIICNS   ARE   CF   Th£   FORM   BX»0 
DC   17   I = l»f« 

17   X(II=C.C 
CG   2CC   I«ltM 

2CC   AI(I,Ml) = C{n 
CG   2C1   1 = 1,M 
UC   2C1   J=1,M 

201   AT(IfJ)=B(IfJ) 
DC   32   N=1,M 
C=AT(N,N) 
if = C 
DC   S   I=N,M 
IF(ABS(AT(ItN))-AeS(Cn9,S,S 

t   C = Ani,N) 
11 = 1 

S   CCNTINCE 
iF(IT-N)7,7,7C 

70 DC 71 J=N,M1 
TEMPsAT(N,J) 
AT(N(J)=ATnTf J) 

71 AHn,J) = TEMP 
7   DC   10   i=l,Ml 

10   AT(NtI)=AT(N«n/0 
IF(M-N)50,5C,1€ 

ie M = K+I 

DC   30   I=Nl,M 
C=AT(I,N) 
DC   30   J=N,M1 

30   ATII,J)=A1( I,J|-AT(N,J)*C 
32   CCNIIME 
5C   X(MJi = ATIM,H*U 

DC 65 N=2,f 
NR=^*1-N 
C*AI(NR|M*1I 
DC 60 I=NR,M 

60 C=C-AI<NR»I»*xm 
65 X(NR)sC/AT(NR,NR) 

RETLRN 
ENC 

412 CARCS PRIMED 



237 
23ä 
239 
2<.0 
tLHi 

242 
243 
244 
245 
246 
24 7 
24B 
249 

^50 APPENDIX C 
2bl 
252 
253 
^54 LISTING OF SUGGESTED 

255 
2 56 SUBROUTINE ERROR 
257 
258 
259 
26C 
261 
262 
263 
264 
265 
266 
267 
26Ö 
269 
27C 
271 
272 
273 
274 
275 
276 
277 
278 
279 
280 
2bl 
282 
283 
284 
285 
286 
287 
288 
289 
29C 
291 
292 
293 
294 



c-i 
iiei-TC   LIST L»!RLH. 

iLdHLLTINt   kRRCrtU»Kin 
rt^lTL(üi it) I 

IC   FCHH*T«6»-(,eftRCH|f 31 
J=I-S 
OL   ICUt^tit^JfJ 

1   hKlTbibt IDUfK 
11   (-CKMAKi^hOTt^cKAIuKt   =tlti. i t ISHf IT   FüK    bFLClL   NU.    U»S*hMT   VALIL 

1) 
GC   TC   7 

^   wH lit i6f UJ 
Li   f-ÜKN*I(43hOLLTc^   UUlLldKlLW   UtKATiCNS   tXCfctü   10 ) 

Gc   IL   7 
i   nHilblb» iil 

13   FLKNATC^^HCPKtiSbHt    TtNPtkATtKL    IlfcRATIUNS   LXCttü   30 ) 
GL   IC   7 

^   wRITeiet U) 
l<i   l-LKVATi IShCLANCA   CUT    IC   TINES ) 

7   HcTLKN 
fcNL 

^u   LAHÜS   PHIMtL 



APPENDIX D 

SAMPLE INPUT FOR THE 

CHEMISTRY EQUILIBRIUM GENERATOR PROGRAM 



D-l CARD 

NO. 

0 G 
WOrTD    I 

D 

m Ö II 8>0 9 0 0 
■  .'I ; •  '■ H '  >   i 'O 

I l|| !||l I I I 

2 2|n|i|m2 

}]'] 3 3 3|n]3 

44 4U4|4 4 U 

5 5j5 5 5 5'5,i 5 5 

8 615 6 S II| i 

? IjM J ?|? 7 I 7 

Si!« H Sis 398 

WORD 2 

99,9S939HJ 
i 21 j « ; ib 3 i -.el 

TATCO   'i€.6424 

9 »ra 9 9' irm 
ii um;« 'j «In !»'»a 
l I l 1 I U M i 

n.2 2 2?|n2? 

)3|33 3]|3 333 

4 4j4 4 4 4|4 M 4 

5 5|S i 5 5ls 5 5 5 

Ssls t « «1(6(5 

7 »I? 7 77I7 J ;? 

WORD 3 
0 

Tploölooflo 
r,n « :? ■; i> n « ». 

ih 1 nil 1 M 

2 2.222 2'? 727 
' j 

33|33 3 3|3 333 
i 

< 4j4 4 4 4 i 4 4 4 

.I....I 98 99 983 89» 

9 9.9 9 9 3*99 9 9 

sb S S 5|5 i S S 

7'7 7 7 7|7»77 

8 8l8 8'9liP 
I I 

9 9.99 919 9 99 
;i sinn ' dv nnx 

WORD   4 
D 

Tnrr*i[rm 
III I IIMI I I 

I 
2l22?2|2 222 

i 
3*3 3 3313 3 33 

4.4 4 4 4|4 i 4 4 

5l5 555|5 ib5 

S'ISfisIt 6 56 

WORD   5 
D 

77:7 7 1 J
!
I J n 

8 8;' 8 3 3 9 8 ü 8 
I I 

919999)9999 

nTro o up o n 
I! !?'««• «I '" -.1! n J« 

1 iii 1 Hi 111 

2 jli 2 2 ?'? 7 ? ? 

3 3lj 3 J 3.3:, 

I ' 
.. .I'M 4 414 4 

5 S'S 5 5 515 5 
I 

6 F'SBBCIEC 

7 7.7 7 7 7I7 7 

D 
WORD 6 WORD   7 

nirniBi 1 mwi nwm 
i. 111 I.M 511 ill 1 n|n 11 

D 
WORD e 

I8|88 3 8 8888 

9 S|9 9 9 9|9 3 9 9 
41 <tii u <j «In * M 1? 

2 2,2 ■ / I-'2 2 ? 

3 3|3 3 3 iij 3 3 3 

'•■ J 4 4 

3 

4.. ;■■ 

3 'i\i ^ S iii 5 5 5 

6 tils 6 Mja 6 6 6 

7 7I7 M ill 7 7 7 

8 5 t $ 8 s'e e 8 8 
I    I 

3 9,9 5 9 9.99 9? 

22l2 2nl2222 

< 3'3 3 3 3 3 3 3 3 
I I 

4 4 4 4 4 4,4 4 4 4 

5 5555 5|5 555 

6 tjes SEIPG 56 

7 7l7 7 7 7'? 7 7 7 

j I 
S 3>8 8 3 81 9 8 6 

I I 
99.999 9,939 3 

9Wil 

tyiiy 

?2|2?2 2|2 

3 3I3 3 3 3l3 

4 4*4 4 4<M 
I I 

5 5,5 5 5 5,5 

SS|5 6B8iS 

7 7|7 7 7 7l7 
I ! 

t i'e s s ü K 

I       I 
S 5SS 39,5 
'1 »>1M   ilV'l 

I 

0001 

I I 

: 2 2 

333 

444 

5 55 

m 
7 ! / 

88S 

sss| 

?; 1 

WORD 
0 

D 

I   l| 1 <  S  tj I  I  1 10 

1 iii 11 in 1 n 

22|2 2 2 2i222 2 

3 3)3 3 3313 333 

444444|4444 

5 5|5 55 5l5555 

1; c'SESStiSI 

I 7j 7 7 7 7| 7 7 7 7 

S 8i8 8 B3|8 3 8 I 

99l9
,' 99 9999 

1 il) ; < il 1 1 1 '' 
TABCt»   "46484 

WORD   2 WORD 3 

0 sic 0 9 s;o o 0 o'c o|o g 0 eio 0 o s 
ti ini) H ,s nli" I* H ■T.':' }i,r. it-sun nn« 

.1, . . .', . . , , 1 . , , ,! n M 11,11 n 
I       ' 

2 2.2 2 2 2|2 2 2 2 

3 3|3333|3333 

«4|4 4 4 4,1 4 4 4 

5 515 i 5 ih 5 5 5 

sells 6 (IM 6 6 

i I'M 1 Hl I 

I I 
2 2.2 2 2 2^ 2 

1 j 
3 3|3 3 333 3 

' I 
MI44 4 444 

I 
5 515 5 5 515 5 

6 ('.8 5 6|8 8 

7 717 7 7 7I7 7 7 7l) vi ni\n 

I I I    I      ..I 
119 3 8 1,88 8 !s|8 8M3 I'l 8 

l 1 ill 
Ü9,9 9 9 9|999 33 9.9999.9999 
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